Aims/hypothesis The aim of the study was to analyse how strongly commuting and leisure-time physical activity affect progression to diabetes and to study whether this relationship is different in individuals with isolated impaired fasting glucose (i-IFG) and isolated impaired glucose tolerance (i-IGT). Methods We studied the incidence of diabetes in 4,031 individuals without diabetes at baseline who participated in the baseline and 5 year follow-up examinations of a population-based primary prevention study, the Inter99 Study. Glucose tolerance status at baseline and at followup were based on OGTTs. Commuting and leisure-time physical activity at baseline were assessed by questionnaire. We present rate ratios from Poisson regression analyses adjusted for relevant confounders. Results The progression rate to diabetes was lower among physically active individuals in the total study population and particularly among those with i-IGT. The associations were attenuated and lost statistical significance after further adjustment for BMI. We observed no impact of physical activity on the progression to diabetes in individuals with i-IFG. Conclusions/interpretation Physical activity was associated with a lower progression to diabetes in the total study population and in individuals with i-IGT, a condition primarily characterised by muscle insulin resistance. Physical activity did not predict progression to diabetes in individuals with i-IFG, a condition primarily characterised by hepatic insulin resistance. Our results suggest that there is a differential relationship between physical activity and progression to diabetes among those with i-IFG and i-IGT. Therefore, clinical trials testing the effect of physical activity on progression from i-IFG to diabetes are needed.
ISI Insulin sensitivity index NGT Normal glucose tolerance
Introduction
Intervention studies have demonstrated that lifestyle changes including increased physical activity can reduce the incidence of diabetes among individuals with impaired glucose tolerance (IGT) [1] [2] [3] . However, it is unknown whether these results can be extrapolated to individuals with isolated impaired fasting glucose (i-IFG) [4] . Prospective studies have shown that increased levels of physical activity can reduce progression to diabetes [5, 6] . Recent population-based studies have examined the relationship between physical activity and overall progression to diabetes [7] [8] [9] . Most studies have classified physical activity into a two or three category variable not analysing dose-response relationships and not focusing on different types of physical activity (leisure, commuting and occupational) [10] . Both commuting and leisure-time physical activity are important from a public-health perspective [11] , as both are modifiable and amenable to intervention. A separate consideration of physical activity types is necessary to quantify the potential impact of targeted interventions. Large population-based studies are needed to examine the relationship between physical activity and progression to diabetes and to study dose-response associations in different types of physical activity.
None of the mentioned population-based studies have analysed how physical activity affects progression from i-IFG or isolated IGT (i-IGT) to diabetes. Although i-IFG and i-IGT both represent intermediate stages of glucose intolerance and are insulin-resistant states with impaired beta cell function, they are distinct conditions with different pathophysiological aetiologies [12] [13] [14] [15] . Clinical studies suggest that the site of insulin resistance varies between the two disorders. While individuals with i-IFG are characterised by hepatic insulin resistance with normal or near-normal muscle insulin sensitivity, individuals with i-IGT mainly have muscle insulin resistance with mild hepatic insulin resistance [12, 13, 16] .
Physical activity has been shown to be independently associated with lower 2 h plasma glucose but not fasting plasma glucose [17, 18] , and in the Inter99 Study higher levels of physical activity predicted a decline in 2 h plasma glucose but not in fasting plasma glucose in men [19] . Physical activity can reduce muscle insulin resistance [20, 21] ; however, studies have also shown that physical activity is associated with a lower intrahepatic fat content [22] , and that intrahepatic fat content is associated with hepatic insulin sensitivity [23, 24] . Consequently, a differential effect of physical activity on progression to diabetes in individuals with i-IFG and i-IGT could be expected.
Therefore, the aim of our study was to analyse how strongly commuting and leisure-time physical activity affect progression to diabetes and to study whether this relationship is different in individuals with i-IFG and i-IGT.
Methods

Study design
The Inter99 Study is a population-based primary prevention study on cardiovascular disease and type 2 diabetes. The study population comprised all 61,301 individuals born in 1939-40, 1944-45, 1949-50, 1954-55, 1959-60, 1964-65 and 1969-70 living in Copenhagen County, Denmark, on 2 December 1998. From the study population, an age-and sex-stratified random sample comprising 13,016 individuals was drawn. The sample was a priori randomised into two groups comprising 90% (high-intensity intervention) and 10% (low-intensity intervention) [25] .
Of the 13,016 individuals, 82 were not eligible because they had died or could not be traced. The remaining 12,934 were invited to a health-screening programme and a personal risk assessment of their absolute 10 year risk of developing ischaemic heart disease (IHD) by the Copenhagen Risk Score [25] . High-risk individuals were defined as individuals with an absolute risk of IHD in the upper quintile of their respective age and sex stratum or with one or more of the following risk factors: daily smoker, systolic BP ≥160 mmHg/antihypertensive therapy, total cholesterol ≥7.5 mmol/l, BMI ≥30 kg/m 2 , history of diabetes, or diabetes or IGT diagnosed at baseline. Based on the personal risk estimate, each individual was offered lifestyle counselling dealing with smoking, physical activity, diet and alcohol. High-risk individuals in the high-intensity intervention group were further offered lifestyle counselling in groups on smoking cessation or physical activity/diet with six meetings during a 4-6 month period, whereas high-risk individuals in the low-intensity intervention group were referred to usual care. Baseline data were collected from March 1999 until January 2001. The Inter99 Study and baseline results are described in detail elsewhere [25, 26] .
All high-risk individuals were re-invited after 1 and 3 years for a health examination including a new risk assessment and lifestyle counselling. If still at high risk according to the risk assessment at the re-examination, individuals in the high-intensity intervention group were again offered lifestyle counselling in groups, and individuals in the low-intensity intervention group were again referred to usual care. All participants were re-invited for a final health examination 5 years after baseline [27] .
Study procedure The participants filled in a questionnaire on health and lifestyle prior to the baseline examination. All participants were asked the following question on commuting physical activity: 'How much time do you spend walking, cycling or running on your way to and from work?': 'Less than 15 min'; '15-30 min'; '30 min to 1 h'; '1 h or more'; or 'I do not work at the moment'. Individuals, who did not work, were excluded in the variable commuting physical activity. Leisuretime physical activity was assessed by the following question: 'In your leisure time, how many hours a week are you physically active including walks, bicycle rides and gardening, but not transportation to and from work?' with six answer categories ('none', 'approximately half an hour per week', 'approximately 1 h per week', 'approximately 2-3 h per week', 'approximately 4-6 h per week' and '7 h per week or more').
Total physical activity was calculated by summing responses to the question on commuting physical activity (converted into min/week using a 5 day working week) and leisure-time physical activity (converted into min/week). When the answer categories were intervals the middle value was used, and when the answer categories were open-ended the lowest value was used. The answer category 'I do not work at the moment' was assigned the value 0 min as regard to commuting physical activity in order not to exclude participants who did not work from the variable total physical activity. The variable total physical activity was grouped into four categories: 0-2 h/week, 2-4 h/week, 4-7 h/week, and >7 h/week [11] .
In the questionnaire, nationality was divided into Danish and other. A family history of diabetes was defined as having a first-degree relative with diabetes. Dietary intake was assessed by a validated food-frequency questionnaire of dietary intake during the previous month [28, 29] .
Height was measured without shoes to the nearest 0.5 cm, weight was measured with light clothing and without shoes to the nearest 0.1 kg, and BMI was calculated as kg/m 2 [25, 26] . After a minimum 8 h of fasting overnight, all participants without known diabetes underwent a standard OGTT (75 g anhydrous glucose in 250 ml water) at each examination. Plasma glucose and serum insulin were measured in the fasting state and after 120 min. Blood samples for glucose measurements were taken in heparinsodium fluoride tubes, immediately put on ice, centrifuged and plasma separated within 30 min. Plasma glucose was analysed using the hexokinase/glucose-6-phosphate dehydrogenase method (Boehringer, Mannheim, Germany) [25, 26] . Insulin was analysed with a fluoroimmunoassay technique (AutoDELFIA; Perkin Elmer-Wallace, Turku, Finland) [15] .
All participants gave written informed consent before taking part in the study. The study was approved by the local ethics committee (KA 98 155) [25] .
Study population and definitions A total of 6,906 individuals participated in the investigation, 122 individuals were excluded because of alcoholism, drug abuse or linguistic barriers, leaving 6,784 participants (52.5% of those invited) for analysis at baseline [25, 26] . In general, the participation rate was higher in younger women than in younger men, and it increased with increasing age until 55 years of age, after which it declined. The participation rates were identical in the high-and in the low-intensity intervention group [25] .
Glucose tolerance status was classified according to the 1999 WHO criteria by a single OGTT [30] , and IGT was divided into i-IGT and combined impaired fasting glucose-IGT. At baseline, 374 (5.5%) were non-classifiable because of lack of either fasting plasma glucose or 2 h plasma glucose measurements, and 404 (6.0%) had either selfreported diabetes or diabetes diagnosed by the OGTT [26] , leaving 6,006 individuals without diabetes at baseline.
At the 5 year follow-up, 1,975 individuals were lost to follow-up (n=1,926) or were non-classifiable (n=49), leaving 4,031 individuals (67.1%) with relevant data for the present analyses. To calculate the crude progression rates from baseline to 5 year follow-up in this study, the Inter99 Study was analysed as if it were a cohort study. At the 5 year examination, incident cases were defined as individuals with newly detected diabetes or known diabetes (self-reported or diagnosed at the 1 or 3 year examination) [27] .
Insulin sensitivity was estimated by HOMA of insulin sensitivity (HOMA-IS), which is based on fasting values of glucose and insulin, and by the insulin sensitivity index (ISI 0-120 ), which is based on fasting and 2 h values of glucose and insulin from the OGTT, as well as information on body weight [15, [31] [32] [33] .
Statistical analyses Progression rates were estimated by dividing the number of incident cases by person-years at risk using interval-censoring [27] . We present rate ratios from Poisson regression analyses adjusted for relevant confounders. The physical activity group with the highest number of incident cases was used as the reference group in order to maximise the precision of the estimates. To account for non-linearity of the relationship between age and progression to diabetes, the continuous variables age and age 2 were both entered into the models. In analyses relating physical activity to incidence of diabetes, a potential modifying effect of glucose class i-IFG vs i-IGT at baseline was tested. Exact 95% CIs were calculated for proportions [34] . The Wilcoxon rank sum test was used to compare group differences for continuous variables. p<0.05 was considered statistically significant. Statistical analyses were performed using SAS (Version 9.1; SAS Institute, Cary, NC, USA).
Results
Individuals with follow-up (67.1%) were more likely to be men, of Danish nationality, were older, had a higher daily energy intake, were more physically active during commuting and leisure time, had a lower BMI, were less often in the high-risk group, and were less often in the upper quintile of IHD risk compared with individuals lost to follow-up (all p<0.01) (data not shown).
Almost two-thirds (62.9%) of the participants spent <15 min/day on commuting physical activity and 45% spent <4 h/week on leisure-time physical activity. Individuals with i-IGT were less active during commuting or leisure time than individuals with i-IFG (Table 1) .
Individuals with i-IFG had a lower level of HOMA-IS but a higher level of ISI 0-120 compared with individuals with i-IGT (both p<0.001) ( Total physical activity was associated with progression to diabetes in the total study population. Inactive individuals had more than twice (rate ratio=2.28, 95% CI 1.29-4.03) the risk of progression to diabetes compared with the most active when adjusted for age and sex. Further adjustment for nationality, family history of diabetes, intervention group, high-or low-risk group, and energy intake at baseline attenuated the association by 23% (rate ratio=1.76, 95% CI 0.98-3.14) but there was still a doseresponse relationship between total physical activity and progression to diabetes (Fig. 1a) . When stratifying by glucose tolerance status and focusing on individuals with i-IFG or i-IGT, we found that those with i-IFG did not benefit from high levels of total physical activity, while inactive individuals with i-IGT (0-2 h/week) had more than six times the risk of progression to diabetes compared with the most active with i-IGT (rate ratio=6.93, 95% CI 0.91-53.02) (Fig. 1c) . However, there was no significant difference between the trend tests in those with i-IFG or i-IGT (p for interaction= 0.09). In other words, although the p value for trend in the i-IGT group is significant (p=0.03), the trend is not significantly different from the trend in the i-IFG group (Fig. 1b,c) .
Low levels of commuting physical activity were not significantly associated with progression to diabetes in the total study population or in individuals with i-IFG (Fig. 1d,e) . In individuals with i-IGT, those with >30 min of commuting physical activity per day had a 54% lower risk of progression to diabetes compared with individuals who spent <15 min/day in active commuting (rate ratio=0.44, 95% CI 0.10-1.82) (Fig. 1f) . The trend tests were significantly different among those with i-IFG and i-IGT (p for interaction=0.046).
Leisure-time physical activity (<7 h per week) was inversely associated with progression to diabetes in the total study population. Totally sedentary individuals during leisure time had a 4.6 times higher risk of progression to diabetes compared with individuals who were active (4-6 h/week) (rate ratio=4.60, 95% CI 2.45-8.64). The association was attenuated after further adjustment for nationality, family history of diabetes, intervention group, high-or low-risk group, and energy intake at baseline (rate ratio=2.95, 95% CI 1.53-5.68) but the dose-response relationship was unchanged (Fig. 1g) . When stratified into i-IFG or i-IGT, the dose-response relationship between leisure-time physical activity (<7 h/week) and progression to diabetes disappeared, and there was no significant difference between the trend tests in the two groups (p for interaction=0.54). Totally (Fig. 1h,i) . When further adjusted for BMI, all the associations between total, commuting or leisure-time physical activity and progression to diabetes were attenuated. The associations between total or commuting physical activity and progression from i-IGT to diabetes both lost statistical significance (p for trend=0.07 and 0.06, respectively). However, the dose-response pattern remained almost unchanged (data not shown).
Discussion
We found that high levels of total physical activity were inversely associated with the risk of progression to diabetes in the total study population and particularly in individuals with i-IGT. Total physical activity did not predict progression to diabetes in individuals with i-IFG. When we looked at commuting and leisure-time physical activity separately, commuting physical activity only showed a dose-response relationship with progression to diabetes in individuals with i-IGT. Leisure-time physical activity did not show a simple dose-response relationship with progression to diabetes. The deleterious relationship between being totally inactive during leisure time and progression to diabetes was pronounced for the total study population and for individuals with i-IFG. This may reflect the previously reported association between sedentary behaviour and an elevated risk of diabetes, independently of physical activity level [35, 36] .
HOMA-IS, which is assessed by fasting values of glucose and insulin, is considered a measure of hepatic insulin sensitivity [12, 13, 33] . ISI 0-120 is derived from plasma glucose and glucose concentrations during an OGTT and reflects both muscle and liver insulin sensitivity [13] . We have shown that individuals with i-IFG have a lower level of HOMA-IS but a higher level of ISI 0-120 compared with individuals with i-IGT. Furthermore, individuals with NGT have the highest levels of HOMA-IS and ISI 0-120 . These findings suggest that individuals with i-IFG are characterised by predominantly hepatic insulin resistance compared with individuals with i-IGT, who have predominantly muscle insulin resistance. This is in accord with previous studies [12] [13] [14] 16] .
Commuting and leisure-time physical activity are inversely associated with BMI in the Inter99 Study [11] , and prospective studies have shown that physical activity can reduce the risk of diabetes independently of BMI or other measures of overweight/obesity [5, 6, [37] [38] [39] [40] . However, physical activity may also reduce total body fat and/or its distribution and facilitate weight maintenance, which indirectly reduces the risk of diabetes [35, [40] [41] [42] . Therefore, statistical adjustment for BMI or other measures of overweight/obesity attenuates the association between physical activity and development of diabetes in most studies [35, 38, 40, 43] and in our study. That is, overweight/obesity can be considered both a potential confounder and a potential mediator in the relationship between physical activity and progression to diabetes.
Most population-based studies have only examined overall progression to diabetes and have therefore not had the opportunity to study a possible differential relationship of physical activity in individuals with i-IFG or i-IGT. Furthermore, most of the studies have assessed overall physical activity. From a public-health point of view, it makes sense to divide overall physical activity into relevant types (leisure-time, commuting and occupational).
In the large Australian AusDiab Study, overall physical inactivity was associated with incident diabetes in multivariate analyses including adjustment for waist circumference as a measure of obesity [8] . In the Italian Bruneck Study, however, physical activity (high vs low levels) was not significantly related to diabetes incidence in univariate analyses [7] , and in the Spanish Asturias Study, low physical activity failed to predict progression to diabetes in a multivariate model which included adjustment for BMI [9] .
Strengths of this population-based follow-up study include the large number of participants with 5 year follow-up data (n=4,031), assessment of glucose tolerance status by an OGTT at baseline and at 5 year follow-up, availability of measures of insulin sensitivity (HOMA-IS and ISI 0-120 ) and the separate analysis of progression from i-IFG or i-IGT to diabetes. A further strength is the detailed information on commuting and leisure-time physical activity in the questionnaire, which gives us an opportunity to observe a dose-response relationship. We have not studied the relationship between occupational physical activity and progression to diabetes because there is no information on total duration/time spent at occupational physical activity in the Inter99 Study.
The study-participation rate (52.5%) was relatively low and it is lower than or comparable to similar studies (63.6% in Asturias [9] and 55% in AusDiab [8] ). A total of 67.1% of the participants were followed up and had a complete glucose tolerance status assessment at 5 year follow-up, which is comparable to other studies [8, 9] . The participation rate and the loss to follow-up are unlikely to have affected the internal validity of our findings, but may affect the generalisability of the results.
In accordance with the WHO 1999 criteria, the classification of glucose tolerance status in this epidemiological study was based on a single OGTT examination [30] .
Because of the known high intra-individual variation in plasma glucose levels, especially for 2 h plasma glucose, it is likely that some individuals may have been misclassified owing to normal day-to-day variation in plasma glucose [15, 44] . This random misclassification can underestimate the true relationship between physical activity and progression to diabetes. Furthermore, it is impossible to know whether participants were truly fasting for at least 8 h prior to the blood sampling. If the fasting period was <8 h, individuals with NGT may be misclassified as i-IFG, which can underestimate the true association between physical activity and progression from i-IFG to diabetes.
We analysed the Inter99 Study as if it were a cohort study, although it is designed as an intervention study. The information on physical activity and other baseline characteristics was collected before the participants were allocated to the high-or the low-risk group and before the lifestyle intervention began. Therefore, the association between these characteristics and progression to diabetes cannot be biased by the intervention. The intervention could affect the progression rates differentially among individuals with i-IFG and i-IGT because the diagnosis IGT was one of the criteria for being at high risk. We performed a sensitivity analysis restricted to the high-risk segment of the individuals with i-IFG (57.1%) and the trend tests remained statistically non-significant (data not shown). In the calculation of the rate ratios, we adjusted for the intervention. Furthermore, we did not observe a difference between the progression rates in individuals in the low-compared with the high-intensity intervention group (rate ratio=0.92, 95% CI 0.58-1.44).
Our physical activity questionnaire has not been validated against objective measures of physical activity (e.g. the double-labelled water method or direct or indirect calorimetry). However, these objective measures are expensive and cumbersome methods that cannot validate physical activity over longer periods [10] . The questionnaire has been shown to be associated with HDLcholesterol and inversely associated with LDL-cholesterol, triacylglycerol, waist circumference and BMI in the Inter99 Study [11] . Furthermore, our aim was to rank the study population according to level of physical activity and not to study their absolute level of physical activity.
Physical activity is difficult to assess in a reliable and valid way in large population-based studies. Questionnaires are often the only feasible method, although they are associated with bias and thereby inaccurate assessment of physical activity, which is likely to attenuate the associations studied [10] . Recalling physical activity is a highly complex cognitive task; social desirability may lead to over-reporting of physical activity [45] , and simple questionnaires are often more reliable and valid than more complex ones [10] . Furthermore, commuting and leisuretime physical activity are affected by seasonal variation in Denmark. As our questionnaire asked for habitual physical activity level, we have not included seasonality in our analysis. Commuting physical activity is characterised by regularity during the working week and the amount of time spent is relatively easy to recall. Therefore, we believe that our assessment of commuting physical activity is quite unbiased. Leisure-time physical activity is more difficult to recall because of its unstructured and complex nature. However, individuals who are totally inactive in their leisure time or during commuting may find it easier to report inactivity compared with individuals who have a varying physical activity pattern. The imprecise assessment of leisure-time physical activity (>0 h/week) is likely to attenuate the associations and can explain why we did not observe a relationship between increasing levels of leisuretime physical activity and progression from i-IGT to diabetes. It has previously been shown that higher levels of leisure-time physical activity as well as commuting and occupational physical activity were associated with a lower risk of diabetes [43] .
We believe that commuting and leisure-time physical activity affect the progression rates through the same physiological mechanisms. Nevertheless, from a publichealth perspective it is relevant to divide physical activity into different types [43] . Benefits of different physical activities depend not only on the specific activity but also on the activity it displaces [46] . Lack of time is an important barrier for being physically active [47] . The Inter99 population comprised 30-to 60-year-old individuals, many with a busy working life and little spare time, and almost two-thirds (62.9%) of the participants spent <15 min/day on commuting physical activity or did not work. Therefore, some individuals might prefer activities that can be incorporated into daily living activities. Physical activity in transportation to and from work could be such an activity for some individuals, as some might find it less time-consuming and more convenient to be physically active during commuting than at leisure time [11] . We have shown that increased commuting and leisure-time physical activity in the population is likely to have a positive impact on the prevention of diabetes. Our findings indicate that public-health strategies aiming to reduce progression to diabetes by increasing physical activity may benefit from focusing on commuting physical activity besides leisuretime physical activity [11] .
Intervention studies have demonstrated that lifestyle changes including increased physical activity can reduce the incidence of diabetes among individuals with IGT [1] [2] [3] . However, no trial evidence has been published on the effect of physical activity on progression from i-IFG to diabetes. Although we cannot exclude the possibility that the lack of a relationship between physical activity and progression to diabetes in the i-IFG group may be attributable to limited power, our findings suggest that there is a differential relationship between physical activity and progression to diabetes among those with i-IFG or i-IGT. Therefore, clinical trials testing the effect of physical activity on progression from i-IFG to diabetes are needed.
